tron microscopy (EM) showed that the PPPY motif functions at a very late stage in assembly, perhaps at the release step itself. We also found that the PPPY motif can be replaced by L-domains from other, unrelated retroviruses, despite the lack of sequence identity between the L-domains, and that these domains can function at several sites in M-MuLV Gag. Most strikingly, two of these chimeras were fully infectious; thus, all of the functions of PPPY in M-MuLV replication can be efficiently performed by L-domains from other retroviruses.
MATERIALS AND METHODS
Cells and viruses. NIH 3T3 fibroblasts, 293T cells, and a subclone of the Rat2 cell line (Rat2-2 cells) (11) were maintained in Dulbecco's modified Eagle's medium containing penicillin-streptomycin and 10% fetal calf serum. Wild-type (WT) M-MuLV was harvested from 293T cells after transfection with the plasmid pNCS.
Plasmids and mutants. pNCS contains an infectious copy of M-MuLV proviral DNA and carries a simian virus 40 replication origin to allow high-level expression in 293T cells (8) . pNCSB was derived from pNCS by replacing the sequence CACTTTGAG (303 bp downstream from the 3Ј end of the gag gene) with CACTTCGAA, creating a unique BstBI restriction site. The resulting virus encoded by pNCSB had a wild-type phenotype. Plasmids DPY-pNCS and DPYpNCSB were similar to the wild-type parents but contained a deletion that removed 5 amino acids (DPPPY) from p12 ( Fig. 1) (38) .
Mutations in MA and p12 were generated by PCR using a subclone of the gag region between the unique BsrGI and XhoI sites. The primers used to amplify the BsrGI-XhoI fragment were BSRGI (forward) (5Ј-CCTTTGTACACCCTAAGC C-3Ј) and XHOIR (reverse) (5Ј-GTCTGGGCGCTCGAGGGGAAAAGCG-3Ј). Insertions in NC were also generated by PCR between the XhoI site and the BstBI site of DPY-pNCSB. The primers used to amplify the XhoI-BstBI region were: XHOI (forward) (5Ј-TTCCCCTCGAGCGCCCAGACTGG-3Ј) and BSTBI (reverse) (5Ј-TCCTGATCCTTCGAAGTGGATTTGGGCTTTTAG-3Ј). The Expand High-Fidelity PCR system (Boeheringer Mannheim) was used to limit possible random mutagenesis (4) . The oligonucleotides used to introduce mutations are shown in Table 1 . The forward oligonucleotides were labeled as XX-XX-F, while the reverse oligonucleotides were labeled as XX-XX-R. To generate an insertion between the BsrGI and XhoI sites, two intermediate PCR fragments, XX-XX-F/XHOIR and BSRGI/XX-XX-R, were first synthesized using plasmid DPY-pNCS as a template. These two products, containing a large overlapping sequence, were used as PCR templates, and the entire fragment between BsrGI and XhoI was amplified by the flanking oligonucleotide pair XHOIR and BSRGI. A similar strategy was applied to generate insertions in the NC region, using DPY-pNCSB plasmid as a template.
The amino acid sequences inserted into the mutant Gag protein are shown in Fig. 1 . The insertions were introduced into the following sites (where the slash indicates the precise location of the insertion; amino acid residues are numbered from the N terminus of the Pr65 gag protein): in MA, the site was between amino acids Ser 123 and Thr 124 in the C-terminal region (. . .ProProArgSer/ThrProPro Arg. . .); in p12, the site was between amino acids Ala 185 and Gly 186 in the central region (. . .AlaThrProAla/GlyGluAlaPro. . .); and in NC, the insertion site was between amino acids Gln 530 and Thr 531 in the C-terminal region (. . .ProArg ProGln/ThrSerLeuLeu. . .). RSV P2 and HIV-1 P6 L-domains were also inserted into the original location of the PPPY motif in the p12 region of the DPY mutant, which lacks 5 amino acids (DPPPY). The insertion site was between amino acids Glu 160 and Arg 166 (. . .LeuLeuThrGlu/ArgAspProArg. . .). The presence of all mutations was confirmed by DNA sequencing.
Analysis of virus assembly and infection. 293T cells were transiently transfected by wild-type or mutant pNCS (or pNCSB) using the calcium phosphate method. The culture medium was harvested 48 h posttransfection, and a standard reverse transcriptase (RT) assay was performed to monitor virion production (32) . The culture medium was also used to infect fresh NIH 3T3 cells or Rat2-2 cells to test the viability of mutant viruses. The infected cells were maintained for up to 17 days, and the virus yields in the culture supernatants were monitored by RT assay daily. Infections of NIH 3T3 cells and Rat2-2 cells were carried out in the presence of Polybrene (8 g/ml).
To study viral DNA synthesis in the infected cells, fresh NIH 3T3 cells were acutely infected with equal amounts of virus normalized by RT activity in the culture medium from transfected 293T cells. Preintegrative viral DNAs were extracted from cells 24 h postinfection (16) and analyzed by Southern blotting.
Viral particle purification and analysis. At 48 h after transfection of 293T cells with wild-type or mutant proviral DNAs, 6 ml of culture supernatant was collected from each 100-mm-diameter plate of transfected cells. Cell debris was removed by filtering the medium through a 0.45-m-pore-size filter, and HEPES buffer was added to a final concentration of 20 mM. Virions were purified by ultracentrifugation through sucrose cushions as described previously (38) .
The pelleted virus particles were lysed and subjected to Western blot analysis (38) . The antisera used in the Western blot assays included goat anti-CA serum (NCI serum 79S-804), goat anti-p12 serum (NCI serum 78S-276), and goat anti-MA serum (NCI serum 78S-282). The monoclonal antiserum against the transmembrane (TM) envelope protein was collected from a rat hybridoma line (42-114) (14) .
Quantitative study of virus infectivity. 293T cells at about 70% confluence in 100-mm diameter plates were transiently cotransfected with 10 g of pSR-LLuc (a plasmid DNA encoding a retroviral vector transducing luciferase) (1) and 10 g of a plasmid DNA encoding the indicated virus, using the calcium phosphate method. The cells were incubated in 10 ml of Dulbecco's modified Eagle's medium-fetal calf serum for 2 days, after which the RT activity in the culture supernatants was assayed. To test for virus helper function, the culture medium was filtered through 0.45-m-pore-size filters after the addition of 20 mM HEPES (pH 7.4) and Polybrene (8 g/ml) and 4 ml of the filtrate were used to infect 1.2 ϫ 10 6 Rat2-2 cells in 100-mm plates for 2 h. Lysates of infected cells were prepared 2 days after infection and analyzed for specific luciferase activity using a luminometer (Lumat LB 9501; Berthold) and a luciferase assay system (Promega) as specified by the manufacturer. The total protein concentration in cell lysates was determined using a protein assay kit (Bio-Rad). The specific activity of luciferase was calculated as relative light units per milligram of total protein. The luciferase activity of the infected cells was corrected for variation in the RT levels of the supernatants of the transfected cells. Mock-transfected and infected cells (no plasmid DNA or virus added) were used to subtract background levels from the RT and luciferase activities. A 1:10 dilution of the supernatants gave a 10-fold reduction in the luciferase activity, suggesting that infections were done at a multiplicity in the linear range (data not shown).
EM analysis. 293T cells were transfected with wild-type or mutant pNCS plasmids, and 48 h after transfection the cells were fixed with 2% glutaraldehyde in 0.1 M sodium cacodylate. The cells were further fixed with 2% OsO 4 for 2 h and then dehydrated with a graded series of ethanol dilutions ranging from 30 to 100% before being embedded in Epon resin. Thin sections were counterstained with 1% lead citrate and 2% uranyl acetate before being examined by transmission electron microscopy.
RESULTS
Construction of insertion mutants. The M-MuLV p12 protein contains a PPPY motif that is important for virus assembly or release. Deletion or alanine substitution of this motif caused severe defects in virion production, Gag protein processing, and TM protein cleavage (38) . To determine whether this domain acts in a position-independent manner, a series of insertion mutations were introduced into a mutant M-MuLV gag gene encoding a protein lacking the PPPY motif, specifically containing a deletion of the 5 amino acids DPPPY. A sequence encoding 11 amino acids, the PPPY motif, and flanking sequences from the wild-type M-MuLV was inserted into ectopic sites in the gag gene, resulting in a peptide inserted in the middle region of p12, the C terminus of MA, or the C terminus of NC (PY-P12, PY-MA, and PY-NC [ Fig. 1]) . The insertion sites were chosen insofar as possible to avoid effects on known protein functions.
To determine whether the M-MuLV L-domain is functionally interchangeable with the L-domains of other retroviruses, DNAs encoding the entire p2b protein of RSV (including the PPPPY motif) and the first 18 amino acids of the HIV-1 p6 protein (including the PTAPP motif) were inserted into the original location of the PPPY motif (P2-PY and P6-PY). The p2b and p6 L-domains were also inserted into the same locations of p12, MA, or NC as the wild-type M-MuLV PPPY motif in the mutants described above (P2-P12, P2-MA, P2-NC, P6-P12, P6-MA and P6-NC [ Fig. 1]) .
Virion production by chimeric mutants. To test whether the newly inserted sequences could rescue the defects of the parental PPPY deletion mutant, 293T cells were transiently transfected with the mutant proviruses by the calcium phosphate precipitation method. Culture supernatants were collected 48 h after transfection, and the released particles were analyzed by the RT assay. All the insertion mutants showed increased RT activity compared to the PPPY deletion mutant DPY ( Fig. 2A) . Quantitation of the RT activity revealed that the PPPY deletion mutant produced less than 20% of the levels of virion-associated RT of the wild-type virus. The viruses carrying the inserted copy of the wild-type PPPY at the middle region of p12 (PY-P12) or the C-terminal region of MA (PY-MA) exhibited RT activity equal to that of the wild-type virus, while the virus carrying the same sequence in the Cterminal region of NC (PY-NC) produced RT activity approximately 50% of that of the wild type. Viruses carrying the RSV p2b at p12, MA, or NC yielded levels of RT comparable to those of viruses carrying the wild-type PPPY motif in the corresponding Gag regions (P2-P12, P2-MA, and P2-NC). Furthermore, insertion of p2b into the location of the original PPPY motif also restored 100% of the RT activity of the wild type (P2-PY). In contrast, viruses carrying the HIV-1 p6 Ldomain at p12 or MA showed only 40 to 50% of the wild-type RT activity (P6-P12 and P6-MA). However, the viruses showed nearly normal RT activity when the p6 L-domain was inserted into the original PPPY location (80% of wild-type RT activity 
[P6-PY]) or the NC region (100% of wild-type RT activity [P6-NC]) (Fig. 2B ). These results suggest that the M-MuLV L-domain can act in other locations and that its function can be efficiently provided by other retroviral L-domains. However, different L-domains displayed distinct preferences for their original location in the Gag protein in providing optimal function. Gag gene products in virions and transfected 293T cells. The parental PPPY mutant showed major defects in viral protein processing normally associated with virion maturation. To test whether the new insertions could rescue the defects of viral Gag protein processing, culture supernatants from transfected 293T cells were collected and the virions were purified by ultracentrifugation through sucrose cushions. The virion lysates were subjected to RT assays to monitor the recovery of virions through the purification process (data not shown), and the virion-associated proteins were then analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting. Anti-CA, anti-MA, or anti-p12 polyclonal antisera were used to detect the corresponding gag gene products. As previously reported (38) , the PPPY deletion mutant (DPY) showed defects in Gag protein processing: an increased level of the unprocessed Pr65 gag precursor protein was observed, and nearly no mature p12 or MA proteins could be detected in the virions (Fig. 3A to C) . Gag processing was almost fully restored in several mutants carrying the homologous sequence (PY-P12 and PY-MA), several carrying the RSV sequence (P2-PY, P2-P12, and P2-MA), and one carrying the HIV-1 sequence (P6-NC). However, other mutants, PY-NC, P2-NC, P6-PY, P6-P12 and P6-MA, still showed partial defects in Gag protein processing (Fig. 3A to C) , and smaller amounts of MA proteins were detected in these virions (Fig.  3B) . Insertions into MA and p12 caused the corresponding MA and p12 proteins to migrate differently in the SDS-PAGE ( Fig. 3B and C) . Only very weak p12 bands could be detected in those mutants with the PPPY motif deletion (Fig. 3C) , suggesting that the PPPY motif and flanking regions may be the major recognition site for the anti-p12 antibody used in these blots. Insertion mutagenesis caused the p12 proteins of several mutants (PY-P12, P2-PY, P2-P12, P6-PY, and P6-P12) to migrate at similar positions to the MA protein in the SDS-PAGE gel and were thus hard to detect (Fig. 3C) . However, the data clearly indicate that Gag protein processing could often be restored by inserting a new copy of this domain into other locations of the Gag protein or by inserting the L-domains of other retroviruses.
To ensure that the viral proteins were expressed normally in the transfected 293T cells, cell lysates were also prepared 48 h after transfection and the intracellular viral proteins were analyzed by Western blotting. The levels of CA and Pr65 gag proteins found in the cells expressing all of the mutants were similar to those seen in cells expressing the wild type. For mutants DPY, P6-P12, and P6-MA, slightly more unprocessed Pr65 gag precursor protein was detected in the lysates than in the controls, suggesting that in these mutants the defect in virion budding was more severe and that a larger amount of Gag protein was retained in the transfected cells (Fig. 3D) .
TM protein processing in the new insertion mutants. Mutants lacking the PPPY motif mutants exhibited a complete block in the cleavage of the C-terminal tail of the TM envelope protein from p15E to p12E (38) (Fig. 4) . It has been shown that mutations blocking the proteolytic processing of the TM cytoplasmic tail result in noninfectious virus (24, 25) . To test for restoration of this cleavage, virions were purified from the culture supernatants of transfected 293T cells by ultracentrifugation, and cleavage of the TM protein was analyzed by SDS-PAGE and Western blotting. Several of the insertion mutants, including PY-P12, PY-MA, P2-PY, and P2-MA, processed the TM protein almost as efficiently as the wild-type virus did (Fig. 4) . For other mutants, the extent of recovery of TM cleavage was less than complete. P6-P12, P6-MA, PY-NC, and P2-NC showed only poor cleavage. These data correlated well with the Gag protein-processing results (Fig. 3) . Therefore, several different L-domains inserted in different locations of the M-MuLV Gag protein can complement the defects of the TM envelope protein processing of the PPPY mutant. Viral DNA synthesis in infected NIH 3T3 cells. The DPY mutant carrying a deletion of the PPPY motif is replication defective. The deletion not only severely reduced virion assembly but also blocked the ability of the virions to carry out synthesis of most of the linear and all the circular viral DNAs in infected NIH 3T3 cells. To determine whether the insertions could rescue the defects of the DPY mutant in the early events of the virus life cycle, virus supernatants from transfected 293T cells were collected and used to acutely infect fresh NIH 3T3 cells. The virus levels in these infections were normalized by RT activity. The low-molecular-weight DNAs were extracted 24 h after infection, and the viral DNAs were analyzed by Southern blotting with a virus-specific DNA probe. The same Southern blot membrane was then stripped and hybridized with a mitochondrial DNA probe to monitor recovery of the DNA. For the DPY mutant, the levels of linear viral DNA were less than 10% of those seen for the wild-type virus and no circular DNAs were detected, consistent with the results reported previously (38) . Mutants P2-PY and P6-PY, in which the RSV p2b and HIV-1 p6 L-domains, respectively, were inserted into the original location of the PPPY motif, could both synthesize linear and circular viral DNAs, although the total amount of viral DNA was somewhat less than that of the wild-type control (Fig. 5) . Most of the other mutants could direct the synthesis of linear DNA to various extents, but none of them could make detectable levels of circular viral DNA (Fig. 5) .
Mutants PY-NC and P2-NC, containing insertions of the wild-type PPPY motif or p2b into NC, resulted in even less viral DNA production than the DPY mutant (Fig. 5) . The NC protein plays an important role in the early events of the life cycle, particularly reverse transcription (5, 12, 18) , and these insertions into NC may have affected its function during viral DNA synthesis.
Viability of insertion mutants. Since some of the insertion mutants showed substantially normal levels of virion production and viral DNA synthesis, it was possible that a subset of these viruses could be fully replication competent. To test for viral replication, culture supernatants of transfected 293T cells were used to infect fresh NIH 3T3 cells and virion yields in the cultures were monitored by RT assays daily. As expected, the wild-type virus could efficiently infect and spread in the culture, and strong RT activity could be detected within 2 days after infection. The DPY mutant remained replication defective (Fig. 6 ). Mutants P2-PY and P6-PY produced progeny virus as quickly as the wild-type virus did (Fig. 6 ). These data suggest that the heterologous retroviral L-domains can fully replace the M-MuLV L-domain when placed in the original location of the PPPY motif, even though the HIV-1 p6 L-domain does not bear primary sequence similarity to the L-domain of M-MuLV. As described above, Gag and TM protein processing for mutant P2-PY was similar to that for the wild type. However, mutant P6-PY exhibited partial defects in virion production and in Gag and TM protein processing (Fig. 2 to 4) . Despite these defects, this mutant virus was still infectious. Therefore, the modest defects in assembly and protein processing exhibited by this mutant were not limiting in the replication of the mutant virus.
None of the remaining mutants were infectious, even though the particle release and protein processing of mutants PY-P12, PY-MA, P2-P12, P2-MA, and P6-NC were comparable to those of the wild-type virus (Fig. 3 to 6 ). For mutants PY-P12 and PY-MA, low levels of RT activity were detected after 13 days. Whether these signals were due to extremely limited replication of the mutant or to the appearance of revertants is not known. Similar results were obtained when Rat2-2 cells were used instead of NIH 3T3 cells (data not shown). 
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Analysis of virion proteins and viral DNA sequences of the viable mutants.
To ensure that the apparent viability of mutants P2-PY and P6-PY could not be attributed to contamination from wild-type virus, recombination with endogenous DNAs, or reversion, the culture supernatants from infected NIH 3T3 cells were collected on day 6 and the virions were pelleted by ultracentrifugation. The viral particles were lysed and subjected to Western blot analysis. Protein processing of mutant P2-PY was similar to that of wild-type virus, but mutant P6-PY remained partially defective for both Gag and TM protein cleavage (Fig. 7) . These phenotypes were identical to those of mutant viruses obtained from transient transfection (Fig. 3, 4 and 7) . As expected, the p12 proteins of both mutants migrated slower than that of wild-type virus on an SDS-PAGE gel because of the insertions (Fig. 7C) .
After the infected NIH 3T3 cells were cultured for 17 days, the supernatants of these two mutant viruses were harvested and used to infect fresh NIH 3T3 cells. The viral DNAs were isolated 24 h after infection by using the Hirt method. The viral DNA fragments between the BsrGI and XhoI sites were amplified by PCR and cloned into a plasmid vector. DNA sequencing demonstrated that the original insertions of the p2b and p6 L-domains into the PPPY location remained intact in the P2-PY and P6-PY mutants. No other mutations were found in the insertion region between BsrGI and XhoI. These data strongly suggest that the infectious chimeric viruses replicating in the NIH 3T3 cells were the original P2-PY and P6-PY mutants, although we cannot completely rule out the possibility that suppressor mutations could have occurred outside the insertion region.
Quantification of the infectivity of DPY, P2-PY, and P6-PY in a single round of infection. Although the above experiments suggest that two chimeric viruses can replicate, they do not provide an estimate of the efficiency of infection. To quantitatively measure the efficiency of a single round of replication, the ability of the DPY, P2-PY, and P6-PY viruses to provide helper function in trans for the transduction of a retroviral vector was tested. 293T cells were transfected with the helper DNAs plus a vector carrying the luciferase reporter gene, virus was collected, and the efficiency of transfer was assessed by measuring the luciferase levels present in extracts of Rat2-2 cells after infection. The DPY virus failed to mediate transduction of cells by the retroviral vector (the luciferase specific activity was 0.5% of that present after infection mediated by wild-type helper). In contrast, the P2-PY and P6-PY viruses transduced cells with approximately 10 and 20% of the efficiency of the wild-type virus, respectively. These results demonstrate that the RSV p2 and the HIV-1 p6 sequences partially rescued the infectivity of the DPY virus.
EM analysis of particles released by mutants. Deletion of the entire p12 protein or the PPPY motif of M-MuLV leads to significant reductions in virion production and viral protein processing (38) . However, the exact stage in the process of assembly or budding that is affected by the mutation is not clear. To determine the effects of the mutations on virion morphology, producer cells were examined by EM. 293T cells were transfected with the wild-type or mutant (Del-p12 and DPY) proviruses and fixed 48 h after transfection. The samples were embedded, sectioned, and stained, and sections were examined under the electron microscope. The wild-type mature viruses appeared as round particles with a condensed, concentric core. In the immature budding viruses, the particles were characterized by a spherical structure with an electronlucent center, giving a doughnut-shaped appearance (Fig. 8A) . Surprisingly, cells expressing the Del-p12 mutant produced abnormal particles with elongated tube-like structures (Fig.  8B) . The tubes were generally 300 to 500 nm in length and two-thirds to three-quarters of the diameter of normal immature virus. Most of the rods were still attached to the cell membrane and contained a head or cap at one end. The heads of the tubes showed a structure similar to that of the immature budding viruses. There were also low levels of spherical immature virions but no mature viral particles (Fig. 8B) . It is not clear whether the few "immature particles" are simply sections through the "heads" at the ends of the tubes. The DPY mutant assembled chain-like structures containing several spherical immature viruses connected by bridges (Fig.  8C ). In the multiple-chain structures, the immature virions appeared to emanate from the cell membrane one after another to form a linear chain or branches. The virions were connected with each other by a narrow neck; typically two to five virions were chained together (Fig. 8C ). There were also occasional tube-like structures and no mature virions. These data were consistent with observations that the Del-p12 and DPY mutants were defective in viral particle release and protein maturation and that the defects in the Del-p12 mutant were more severe than those in the DPY mutant. The fact that multiple virions in the DPY mutants could bud out from the same location on the cell surface and remain connected to form a "daisy chain" structure suggests that there may be some preferred sites at the plasma membrane for virion budding.
Several of the insertion mutants were also analyzed by EM. The two viable mutants (P2-PY and P6-PY) released virion particles indistinguishable from those of the wild type ( Fig. 9A  and B) . Mutants P6-P12 and P6-MA contained all three virus types seen with the DPY mutants, including the immature viruses, chain structures, and very occasionally tube-like structures ( Fig. 9C and D) . Therefore, these two mutants failed to correct the virion release defects of the PPPY deletion mutant. All the other mutants examined (PY-P12, PY-MA, P2-P12, and P2-MA) released wild-type-like virions (data not shown). However, these mutants were noninfectious, and no circular viral DNA could be detected in infected NIH 3T3 cells (Fig. 5  and 6 ). Therefore, although the particles showed normal morphology, these mutant viruses must be blocked during the early events of the life cycle, suggesting that other Gag functions were disrupted by the insertions (Fig. 2 to 5 ).
DISCUSSION
The results presented here show that the PPPY motif contained in the M-MuLV p12 protein serves as an L-domain that is functionally interchangeable with the RSV and HIV-1 Ldomains. The most compelling observation is that the insertion of the RSV p2b or HIV-1 p6 L-domain into the original location of the PPPY motif fully restored viral replication. Insertions of L-domains at several different locations of Gag protein were able to fully or partially restore normal particle release.
L-domains were first identified during mutational analyses of the RSV p2b protein (34) . The crucial motif of the domain was subsequently identified as a polyproline motif, PPPY, conserved in the Gag precursors of many retroviruses (34) . Mutation or deletion of this motif resulted in defects late in the course of virus assembly and virion budding (34, (36) (37) (38) . The L-domains of the lentiviruses were distinctive: they are located in a small protein (p6 for HIV-1 and p9 for EIAV) at the C terminus of Gag proteins and do not contain a PPPY motif. Instead, the core sequence of these L-domains consists of a PTAPP motif for HIV-1 and a YXXL motif for EIAV (19, 22) . In spite of these different sequences, the L-domains of RSV, HIV-1, and EIAV are functionally interchangeable for virus budding (21, 22, 36) . Data presented here demonstrate that the RSV and HIV-1 L-domains can also restore viral assembly to an M-MuLV PPPY mutant. Therefore, all these different retroviral L-domains may function through a similar mechanism. The position of insertion of the various L-domains had some effect on the ability of the domain to rescue virion assembly. The RSV and M-MuLV L-domains restored the assembly function more efficiently when inserted in MA or p12 than when inserted in NC. In contrast, the HIV-1 p6 functioned better in NC than in MA or p12 (Fig. 2) . These data suggest that although the function of the L-domain is largely position independent, the L-domain may function best when located near its original, native location (relative to the N and C termini of the Gag protein).
Although previous reports have shown that swapping Ldomains among different retroviruses results in variant Gag proteins that are competent for assembly, the infectivity of these chimeric viruses was not determined (21, 22, 36) . This report demonstrates that the insertion of the RSV or HIV-1 L-domain at the location of the original PPPY motif not only restored normal assembly to the M-MuLV L-domain mutant but also generated a fully replication-competent virus. The recovery of infectivity did not always require complete restoration of efficient assembly; for example, the P6-PY mutant was infectious in spite of modest defects in virion release and protein processing. Other mutants, such as PY-P12, PY-MA, P2-P12, and P2-MA, showed efficient budding and protein cleavage but were still noninfectious. One explanation here could be that deletion of the PPPY motif in these mutants disrupted the functions of p12 needed in an early phase of the viral life cycle. Alternatively, insertions in MA or another position of p12 might interfere with their functions during early events.
The mature wild-type M-MuLV virion assembles into a spherical particle with an electron-dense core. Deletion of the L-domain in HIV-1 leads to retention of immature virions on the cell surface, but no dramatic changes in the overall morphology of the virion were observed (13) . In contrast, an MMuLV mutant lacking the entire p12 directed the formation of elongated tubes or cylinders, which projected perpendicularly outward from the plasma membrane, as the predominant particle form. These cylindrical particles were reproducibly but less frequently observed when only the PPPY motif was deleted. Presumably, the proteins of the Gag precursor are somehow affected so that tubes rather than spherical structures form. The virions are apparently surrounded by membrane, since their buoyant density is at least grossly similar to that of the wild type. Similar cylindrical particles were previously observed when HIV-1 Gag deletion mutants (missing p6 and the C-terminal half of NC) were overexpressed in insect cells (17) and when certain M-PMV mutants with alterations in the CA domain were expressed in mammalian cells (28) . Other viruses can also form rods under certain circumstances; influenza viruses, for example, form rods in vivo, and the elongated forms are thought to be harder for the host to remove from pulmonary airways than are the spherical variants (9, 26, 27) . It is unclear whether the retroviral structures seen here reflect a similar capacity for formation of filamentous virions under particular conditions. Rod-like cylindrical structures have also been observed in assembly studies in vitro using only the CA domain of HIV-1 (10, 15) or the CA-NC fragment of RSV and HIV-1 Gag (6). More relevant to the present study is the observation that deletion of the p10 domain in RSV, which is positionally analogous to p12 in M-MuLV, resulted in the formation of cylindrical particles in vitro. From this in vitro work with RSV, it was concluded that in addition to the M-, I-, and L-domains, the p10 domain of RSV Gag acts as an S-domain (shapedetermining domain) (7). The results presented here suggested that the p12 domain of M-MuLV is also a shape-determining domain. It is not clear whether the shape-determining properties of p12 are inherent within Gag or whether an interaction with a cellular factor is required. In vitro assembly studies using M-MuLV Gag proteins are currently in progress to address this question.
The chain-structure particles assembled by the DPY mutant are even more striking. These structures provide direct evidence that the PPPY motif may function during the final stages of virion release. The presence of the chains also suggests that the virions may bud out one after another at the same site on the plasma membrane. It is possible that virions may not assemble at random positions on the plasma membrane but that some preferred exit points exist. Alternatively, budding of one virion at a certain site of the plasma membrane could promote or "seed" the formation of other virions at that same site. This process may be coupled with recruitment of host cytoskeletal proteins to the site of assembly. It would be interesting to determine whether reagents affecting the cytoskeletal protein can affect these budding phenotypes.
Mutations in the PPPY motif partially block Gag protein cleavage and completely block TM protein processing (38) . These defects could be corrected by insertions of the M-MuLV L-domain or by insertions of other retroviral L-domains in different locations of the Gag protein. As was true for viral assembly, inserting the L-domains near their original locations resulted in better recovery of the protein-processing function ( Fig. 3 and 4) . It is possible that the viral protease activity or the accessibility of its substrate is influenced by the L-domain. How the L-domain and the viral protease work together is still unclear. Studies of protease-inactivated viruses have revealed different results with different viruses. In HIV-1, inactivation of the viral protease alleviated the requirement of p6 for budding (19) . In contrast, in both RSV and M-PMV, protease inactivation did not alter the requirement of the late domains for budding (34, 37) . The L-domain may activate the protease or may somehow allow the viral protease to recognize its substrates, including the TM protein. It is also possible that host proteins may interact with the L-domain and be involved in the activation of the protease function.
Host proteins have long been suggested to participate in the L-domain function, particularly since the PPPY motif can act as the binding site for the WW motif, an important proteinprotein interaction motif found in many signal transduction and cytoskeletal proteins (29, 30 ; L. Garnier, J. W. Wills, M. F. Verderame, and M. Sudol, Letter, Nature 381:744-745, 1996). One or more host proteins containing the WW motif may interact with the PPPY motif of the retroviral L-domain and facilitate virion release. Further studies are needed to identify which of the host proteins that bind to the L-domain are important for its function. One puzzle is that there is no primary sequence similarity among the HIV-1 p6, EIAV p9, and M-MuLV L-domains (23) . It is possible that three different host proteins are used by these different viruses; alternatively, one host protein may somehow bind all three motifs by using different contacts. 
